Glyphosate and glufosinate are non-selective herbicides that have been extensively used worldwide. Their ionic and water-soluble characteristics often make it difficult to analyze them, especially in food components. A method was developed in this study for the simultaneous analysis of glyphosate, glufosinate, and three metabolic products in beer, barley tea, and their ingredients (malt and corn). The analytical samples were extracted with H 2 O, purified with a strong anionexchange solid-phase extraction (SPE) cartridge, and then analyzed by liquid chromatography tandem mass spectrometry (LC-MS/MS) with an anion-exchange high-performance liquid chromatography (HPLC) column. This method enabled a rapid and sensitive analysis [limit of quantification (LOQ) ¼ 10 g/kg] of the herbicides to be achieved.
Glyphosate and glufosinate are non-selective herbicides that are one of the most used pesticides worldwide. Recent years have seen a substantial increase in use of these herbicides since genetically modified organisms (GMO) resistant to them were put on the market. Maximum residue limits (MRLs) for the herbicides have been established globally by the major organizations responsible for health risk management [e.g., MRLs in corn for glyphosate and glufosinate: Codex (5 mg/kg, 0.1 mg/kg), Japan (1.0 mg/kg, 0.1 mg/kg), EU (3 mg/kg, 0.1 mg/kg), US (3.5 mg/kg, 0.3 mg/kg)]. They are bipolar and extremely water-soluble compounds that have an amino-phosphonate structure. This property makes the analysis of the herbicides burdensome, especially in complex food components. The Ministry of Health, Labour and Welfare in Japan provides official analysis methods for glyphosate and glufosinate, but the methods involve conversion steps and require considerable time to follow different procedures for each compound. 1, 2) Several studies on the analysis of the herbicides by using liquid chromatography-tandem mass spectrometry (LC-MS/MS) 3) without conversion steps have been reported. [4] [5] [6] [7] However, some of these studies did not enable an analysis of food samples, while the others were exclusively directed to glyphosate or glufosinate. This present study examines a method for the simultaneous analysis of glyphosate, glufosinate, and their metabolic products ( Fig. 1 ), aminomethylphosphonic acid (AMPA), 3-(methylphosphinico)propionic acid (MPPA), and Nacetylglufosinate, by using LC-MS/MS without requiring any conversion steps. This method simplifies and expedites the sample preparation procedures.
Materials and Methods
Materials. A standard reagent of glyphosate was purchased from Kanto Chemical Co. (Tokyo, Japan). Glufosinate, AMPA, and Nacetylglufosinate were from Hayashi Pure Chemical Industries (Osaka, Japan). MPPA was from Wako Pure Chemical Industries (Osaka, Japan). CH 3 CN (LC/MS grade), CH 3 OH (pesticide residue and PCB analytical grade), HCOOH (LC/MS grade), and 1 M HCl were from Kanto Chemical Co. AUTOVIAL 5 polytetrafluoroethylene (PTFE) filters (0.2 mm) were from GE Healthcare Japan (Tokyo, Japan). The InertSep SAX (500 mg/6 cc) cartridge was from GL Science (Tokyo, Japan), and the Oasis MCX (150 mg/6 cc) cartridge was from Waters (Milford, MA, USA).
Separation and quantification. The concentrations of the analytes in the analytical samples were determined by using a Prominence UFLC high-performance liquid chromatography system (Shimadzu Co., Kyoto, Japan) coupled to a 3200 QTRAP hybrid triple quadrupole/ linear ion trap mass spectroscope system (AB Sciex, Framingham, MA, USA). Analyst 1.5 software was used to control the instruments and to process the data in the system. Analytical chromatography was carried out in a DIONEX IonPac AS12A column (2 mm i.d Â 200 mm, 9.0 mm; Thermo Fisher Scientific, Waltham, MA, USA) operated at 40 C. The mobile phase consisted of a 0.2% aqueous HCOOH solution/CH 3 CN (95/5). The flow rate was set at 0.3 mL/min with isocratic elution for 16 min, the injection volume of a sample being 5 mL. The electrospray-ionization (ESI) source was operated in the negative mode. The operating parameters were optimized under the following conditions: ion source gas 1, 70 psi; ion source gas 2, 60 psi; ion spray voltage, À4500 V; and temperature, 350 C. Data for quantification and confirmation were acquired in the selected reaction monitoring (SRM) mode. Table 1 lists the precursor (Q1)-to-fragment (Q3) transitions, the optimum declustering potential (DP), the optimum collision energy (CE), and the optimum collision cell exit potential (CXP) for each compound. Calibration curves to determine the concentration of each sample were obtained by the standard addition method to assure the accuracy of the quantitative values.
y To whom correspondence should be addressed. Fax: +81-297-46-1506; E-mail: naoki.mochizuki@asahigroup-holdings.com Abbreviations: LC-MS/MS, liquid chromatography tandem mass spectrometry; SPE, solid phase extraction; HPLC, high-performance liquid chromatography; LOQ, limit of quantification; GMO, genetically modified organisms; MRL, maximum residue limit; AMPA, aminomethylphosphonic acid; MPPA, 3-methylphosphinico-propionic acid; PTFE, polytetrafluoroethylene; HILIC, hydrophilic interaction chromatography Sample preparation. One mL of a liquid sample (beer and barley tea) was loaded into an SPE cartridge (InertSep SAX 500 mg/6 cc) that had previously been conditioned with 5 mL of CH 3 OH and 5 mL of H 2 O. The loaded cartridge was washed with 5 mL of CH 3 OH to remove any impurities, the target compounds then being eluted from the cartridge with 5 mL of 1 M HCl/CH 3 OH (10/90). The eluted fraction was collected in a 15-mL polypropylene centrifuge tube and evaporated under a nitrogen stream at 40 C. The resulting residue was dissolved in 500 mL of a 40% aqueous CH 3 OH solution. The samples were passed through a PTFE filter and then analyzed by using LC-MS/MS.
Two grams of a crushed solid sample (malt or corn) was homogenized with 10 mL of H 2 O. Each homogenized sample was shaken at 300 min À1 for 10 min and centrifuged at 175 Â g for 5 min. A 2.5-mL amount of the supernatant was loaded into two SPE cartridges attached to each another: Oasis MCX on the upper side and InertSep SAX on the lower side, both having been previously conditioned with 5 mL of CH 3 OH and 5 mL of H 2 O. The cock attached under the InertSep SAX cartridge was opened after completing loading of the sample into the Oasis MCX cartridge. After the loaded sample had passed through the InertSep SAX and Oasis MCX cartridges, the cartridges were washed with 3 mL of H 2 O, and the Oasis MCX cartridge was detached. The remaining InertSep SAX cartridge was washed with 5 mL of CH 3 OH to remove impurities, before the target compounds were eluted from the cartridge with 5 mL of 1 M HCl/ CH 3 OH (10/90). The eluted fraction was collected in a 15-mL polypropylene centrifuge tube and evaporated under a nitrogen stream at 40 C. The resulting residue was dissolved in 500 mL of a 40% aqueous CH 3 OH solution. Each sample was passed through a PTFE filter and then analyzed by using LC-MS/MS.
Performance evaluation. The repeatability [relative standard deviation (RSD) %] and accuracy (%) were assessed by using samples spiked with the analytes at a level of 10 mg/kg. Six pre-spiked samples were separately prepared and analyzed on the same day for the measurements. The coefficient of linearity was determined by using samples spiked with the analytes at levels of 1, 3, 5, 10, 30, 50, and 100 mg/kg for liquid samples and 5, 10, 30, 50, 100, 300, and 500 mg/kg for solid samples. The limit of quantification (LOQ) was 10 mg/kg, this being the spiked point for repeatability and accuracy. Recovery (%) was calculated by dividing the peak area in a pre-spiked sample by the peak area in a post-spiked samples at the level of 10 mg/kg. The peak areas in a pre-spiked sample and post-spiked sample were the average peak areas for six spiked samples. Each sample was separately prepared.
Results and Discussion
Optimization of the separation conditions Glyphosate, glufosinate, and their three metabolites are highly polar and extremely soluble in water. These properties mean that the analytes are not retained well in a C18 column when using conventional reversed-phase chromatography. Furthermore, glyphosate and glufosinate are bipolar compounds that have an aminophosphonate structure, this making it technically difficult to use ion-pair reagents for the LC separation. However, all five compounds have a strongly anionic phosphonate structure, so it was expected that an anionexchange analytical column would provide better retention of the analytes. A DIONEX IonPac AS12A column and a weakly acidic mobile phase (a 0.2% aqueous HCOOH solution/CH 3 CN (95/5), 0.3 mL/min) were used to obtain a chromatogram with good retention in 16 min (Fig. 2) .
According to previous studies applying an LC-MS/ MS analysis of glyphosate and glufosinate without conversion steps, HPLC separation was implemented with a mobile phase containing a high concentration of ammonium acetate (300 mM/L) 5) or by hydrophilic interaction chromatography (HILIC). 6) However, the use of a mobile phase containing a high concentration of salt for LC-MS/MS might have a deleterious on the equipment. HILIC, which is suitable for separating water-soluble compounds, allowed us to retain these five analytes well in an XBridge amide column (Waters), but resulted in some sample carryover.
Our developed method exhibited good retention and eliminated this carryover by using an anion-exchange column and a weakly acidic mobile phase without any salt additives.
Optimization of the sample preparation Due to their phosphonate structure, the five compounds could be retained and efficiently purified by an anion-exchange SPE cartridge. It was assumed that they would be well retained in an InertSep SAX cartridge, a strong anion-exchanger which provides electrostatic interaction with an anionic phosphonate structure. After the InertSep SAX cartridge in which the samples had been loaded was washed with CH 3 OH, the analytes were eluted with a strongly acidic solution of 1 M HCl/ CH 3 OH (10/90). This strong acidity was necessary to break the interaction between strong cations of the SPE cartridge and strong anions of the phosphate structure of the analytes. This preparation method using an InertSep SAX cartridge was deemed suitable for beer and barley tea samples, and good sensitivity with a low LOQ level of 10 mg/kg was apparent (Fig. 3) . However, with the malt and corn samples, the matrix components could not be sufficiently removed by a cleanup method using the InertSep SAX cartridge alone, and the matrix effects reduced the sensitivity of LC-MS/ MS. An additional cleanup process was therefore required to achieve the low LOQ level of 10 mg/kg (Fig. 3) . A pre-cleanup process using Oasis MCX, a strong cation-exchanger, enabled the matrix components (e.g., amine components or pigments) to be efficiently removed from the samples, thus increasing the sensitivity (Table 2) .
This LOQ level of 10 mg/kg is sufficiently low to satisfy the compliance with MRL established by any regulatory organization.
Results of the performance evaluation
Good results for the performance evaluation were obtained for the beer, barley tea, malt, and corn samples. The repeatability was less than 20%, accuracy ranged from 80% to 120%, and linearity (r) was no less than 0.99 (Table 3) . As additional data, ''recovery (%)'' indicates the recovery rates with the prepared samples.
Sample analysis
We used the developed method to analyze 15 commercial canned beers and 3 bottled barley teas as staple samples. Glyphosate and glufosinate were not quantified at a level greater than LOQ of 10 mg/kg in all the samples, but traces of glyphosate were apparent in four of the beer samples. The spiked level was 10 mg/kg. 
